Nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d) histochemistry was used to study the morphology and development of neurons that metabolize nitric oxide (NO) in the frontal cortex of human fetuses aged from 13 weeks of gestation (13W) to term, to investigate whether the two distinct types of NO neuron described in the adult develop differently. Large, heavily stained, sparsely spiny, non-pyramidal neurons (Type I) develop by 15W mainly in the subplate (SP) of the cortical Anlage. They achieve an adult-like pattern by 32W, distributed thoughout the cortex and subcortical white matter, but with the highest concentration in the white matter. 
Introduction
Histochemistry for nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d) or immunocytochemistry for nitric oxide synthase (NOS) permit the study of nitric oxide (NO) as a mediator in the nervous system (Bredt et aL, 1991; Hope et aL, 1991) and it has been shown that cortical NADPH-d/NOS neurons exhibit species diversity. In rats there is only one type •presenting histochemically with large, intensely stained Golgi-like somata and dendrites; in primates, including man, a second type of smaller and more faintly stained neuron is also found, in addition to the large, dense ones (Sandell, 1986; Meyer et aL, 1992; Unger and Lange, 1992; Vincent and Kimura, 1992; Aoki et aL, 1993; DeFelipe, 1993; Valtschanoff et aL, 1993; Hashikawaefai, 1994; Liithef aL, 1994; Yan etal., 1994 Yan etal., , 1996 . We refer to the large, densely stained neurons as Type I, and the lighter ones, typical of the primate, as Type n (Yan etal., 1996) . These two populations both show co-localization with GABA, but differ in that Type n cells also express calbindin whereas Type I do not (Yan et aL, 1996) . These species differences might reflect species differences in cortical function. For example, the subset of small NADPH-d neurons in supragranular layers in primates may be related to their characteristic complex interand intracortical connectivity (Fisken et aL, 1975; Lund 1987; Burkhalter and Bernado 1989; McGuire et aL, 1991; Lachica et aL, 1993) .
Significant roles in neuronal generation and plasticity have been suggested for NO, but developmental studies of cortical NO neurons are lacking, especially in primates (Gaily et aL, 1990; Yan et aL, 1994) . It is important to understand the development of NO neurons in primates, including man, in view of the sophistication of their cerebral function, which may be associated with changes in regional cerebral blood flow (rCBF) (Iadecola 1993; p O sner 1993; Sergent 1993) . Furthermore, certain pathological conditions related to higher cortical activity may be associated with changes in rCBF (Wilson et aL, 1991; Liddle etal, 1992; Bolwig, 1993; Holcomb etal., 1993; McKeith et aL, 1993; Waddington, 1993) and may involve alterations in NO systems (Kowall and Beal, 1988) . Indeed, there is evidence that developmental migration of cerebral NO neurons may be disrupted in schizophrenia (Akbarian etal., 1993a,b; Gentleman et aL, 1995) .
The present study addresses the problem of determining whether, if human cerebral cortical NO neurons are divisible into two distinct morphological types, Types I and n, their developmental history reflects this division, and, if so, whether the developmental time course of the two types might help elucidate their functional significance. This was done by examining NO neurons with NADPH-d histochemistry in human frontal cortical areas that are implicated in certain forms of affective disorder (Akbarian et aL, 1993a; McKeith et al., 1993; Waddington 1993; Liddle etal., 1992) . counted in layers II-IV, V-VI and the subcortical white matter (to a depth of 300 u.m) under 1 cm of pial surface (Fig. 2 ). Soma sizes of 50 positive neurons of each type in each brain were measured using a computer-assisted image analysis system (Fig. 3 ).
Materials and Methods

Results
Cellular Lamination in Fetal Cortex
Before describing the development of NADPH-d neurons, it is necessary to review briefly the laminar pattern of fetal cortex in Nissl preparations (Yan et al., 1992) (Fig. 4a,&) . At 13W and 15W (Fig. 4a ) the cortical plate (CP), which will form the definitive cortical layers, appears as a cell-rich band with radial columns of darkly staining cells, extending down almost to the cell-free marginal zone (MZ), which is the primitive layer I. Below CP is the subplate (SP) with more randomly organized cells. Deeper still is the intermediate zone (IZ) which will form the future subcortical white matter. Between the IZ and the cerebral ventricle are the subventricular and ventricular zones (SVZ, VZ) containing small, dense, proliferating cells. Layers VI and V are first distinguishable in the deep part of the CP by 20W. Layer IV is just visible as a more densely cellular band above the lighter layer V by 24W, and is still better seen when layer III forms as another lighter band by 28W, when layer II also differentiates, so that all six layers are recognizable (Fig. 4a) .
Differentiation of NADPH-d-Positive Neurons
There was no obvious difference in the spatial or temporal pattern of development of NADPH-d-positive neurons in different frontal areas examined here.
No reactive neurons were detectable in the 13W hemispheres; they were first observed at 15W and were restricted to the SP and IZ. The reaction was weak to moderate and mainly restricted to the cell soma. Sometimes the stain was aggregated to one pole, forming excrescences that might coincide with sprouting processes. Cells were unipolar or bipolar in shape, and some had short varicose processes. At 17W, there were more positive neurons, but most still in the SP, with occasional ones in the IZ, CP and MZ (Fig. 4c,d ). Some were dark with varicose dendritic arbors. Many were bipolar (Fig. 4d) , with longer, more arborized processes than at 15W. In the MZ, moderately to heavily stained neurons were occasionally encountered, with a few thick tangential or oblique processes. By 20W, NADPH-d-positive neurons had increased markedly in number, mainly still in the SP but with more in the deep half of the CP now forming layers V and VI. The neurons were intensely stained so that the soma and dendritic tree had a Golgi-like appearance (Fig. 7a,c) . The positive neurons in layer I were strongly reactive. At 24W numerical density and staining of NADPH-d cells in the SP and CP was still greater and most were Golgi-like (Fig. Id-g ) and more often multipolar than before. All layers of the cortex were visible at 28W and the SP was integrated in the subcortical white matter, but otherwise the laminar distribution pattern of NADPH-d neurons was similar to that at 24W. From 32W the numerical density of positive somata, especially in the supragranular layers, was less than at 28W (Figs 6 and 7) .
All the NADPH-d neurons described so far are of the large Type I. Their mean soma size increased during gestation from 34 (im 2 at 17W to 140 u.m 2 by term (Fig. 3 ) and more were multipolar with increasing age, though some remained definitively bipolar (Fig. 7) . They were all characteristic of non-pyramidal neurons.
A second population of small, relatively weakly staining NADPH-d-positive neurons appeared by 32W (Figs 2, 3, 6 , 7). They were small in soma diameter (<10 um) and sparsely distributed, being commonest in layers II, upper III and IV. Their somata were rounded and sometimes clearly multipolar (Fig. 7) with fine processes radiating in all directions, and they were also interpreted as being non-pyramidal, like the Type I cells. They were rare at 32W but had increased by 34W and even more by term (Figs 2, 6, 7) , still mainly in layers II-IV. They did not change in soma size or shape noticeably during gestation, their longest soma diameter remaining <10 \un and their mean cross-sectional area -50 ^m 2 (Fig. 3) .
NADPH-dPositive Processes
A few randomly oriented positive fibres were observed in the SP and IZ at 15 W, and some could be traced to a positive soma. Most were irregularly varicose. By 17W there were noticeably more dendrite-like reactive processes in the SP oriented radially or tangentially and extending into the CP or the developing white matter. The MZ contained many short, fine fibres, often dot-like, especially in its upper half (Fig. 4c) . At 2OW most fibres in layer I were continuous (Fig. 5a ). A few were derived from positive neurons in the developing CP, and even the SP. Positive processes in the SP and CP increased further, frequently along microvessels (Fig. 5a) . Reactive processes increased notably by 24W. In the upper part of the developing CP, a number of long fibres ran tangentially (Fig. 5d) . Unlike the fine tangential fibres in layer I, they were usually connected to positive somata at the same level. In the deep part of the CP (layers v and VI), however, the fibres were mainly radial (Fig. 5/) . By 28W, the fibre system was markedly enriched, particularly in supragranular layers. Those in layer I were fine, parallel and mostly unbranched, probably axons. Those in layers n-IV were mostly either tangential or vertical, also probably axonal. The fibres in the deeper layers and the white matter were fewer, shorter and randomly oriented, but some were highly developed. The processes at 32W formed a rich, mainly tangential, plexus, most obvious in layers I, II and IV (Fig. 6 ). They were mostly fine, unbranched and probably axonal, but some were thicker and could be traced to their origin from radial dendrites. Until term (Fig. 7) , axonal plexuses were still richer, and the supragranular layers, including layer I, were again richest of all, but the next densest zone was at the border between cortex and white matter.
Discussion
We demonstrate that the two types of NADPH-d-positive neurons described in adult primate cortex (Aoki et aL, 1993; DeFelipe, 1993; Hashikawaef a/, 1994; Luther aL, 1994; YanetaL, 1996) are distinguishable prenatally in man. We have shown previously that the small, Type D, cells are co-localized with GABA and calbindin, while the large, Type I, cells are GABAergic but rarely co-express calbindin (Yan etal., 1996) .
Whereas Type I cells appear by 15W and are abundant by 28W, mainly in white matter and the SP, but also in the cortex proper, Type II cells only appear at -32W and are sparse in white matter and most numerous in cortex, especially the supragranular layers. Type I cells progress through dramatic changes in soma size, staining intensity and dendritic complexity, whereas Type II cells hardly change from the time they are first visible to birth. Thus it seems that Type I cells express NADPH-d before they are morphologically mature, while Type II cells do not.
Type I neurons in the SP have thick, dendrite-like processes ascending into the developing CP. NO in neurons in the SP could have a significant effect on the maturation of cortical neurons, including NO neurons themselves, cortical neurons migrating via SP and neurons already in CP but undergoing laminar differentiation (cf. Williams et aL, 1994) .
Type II NO neurons are mainly found in supragranular layers and form fine fibre plexuses in these layers. Thus they may be involved in cortico-cortical signalling and intracortical activity (Yan et aL, 1996) . The early appearance of Type I NO neurons in the SP may be concerned with early differentiation and maturation of cortical neurons, thus leaving a role for the later £^:;-"l.f£^WF igure 7. NADPH-d-reactive neurons at 34W (a-c) and 39W [d-g) . Two morphologically different cell types are shown, the large, dark Type I \j}jcjejg) in both cortex and white matter, and the small, light Type II \pbfif-arrows) only in the cortex. Most Type II neurons are round or oval and some are multipolar (/). Most Type I neurons are aspiny, but some bear spines on their soma or dendntes (g, arrows) . Bar = 25 nm in (a-e). and 10 (im in Cerebral Cortex Sep/Oct 1996, V 6 N 5 743
Type II cells in the maturation of inter-and intracortical circuits during the perinatal period in primates. Higher mental activities, such as perception, language and learning, develop in the early postnatal period and involve processing in multiple signal streams involving association, commissural and intrinsic pathways originating in supragranular layers (Burkhalter and Bernado, 1989; Burkhalter et al, 1993; Lachica et al, 1993) . These functions are generated in specific cortical regions and can be studied by in vivo imaging of rCBF, and perhaps involve NO (Iadecola, 1993; Posner, 1993; Sergent, 1993) . We have observed that, from early fetal life, NADPH-d-positive processes are spatially closely related to cerebral microvessels. This is similar to the arrangement found in adult cortex and again emphasizes the significance of NO in the control of cerebral blood supply (Adachi et al, 1992; Iadecola, 1993) . Alterations in rCBF have been reported in human cortex in pathological conditions involving cognitive function (Wilson et al, 1991; Iiddle et al, 1992; Bolwig, 1993; McKeith et al, 1993; Waddington, 1993) . Changes of the normal distribution of NO neurons in frontal and temporal cortex have been implicated in schizophrenia (Akbarian ef«i, 1993a,b; Gentleman etal, 1995) , although Type n neurons were not specifically considered. It is thus important to determine whether changes in NO neurons in psychopathological states such as schizophrenia involve Type II cells.
The parallel, axon-like fibres in layer I seem to develop largely independently of intrinsic cortical NADPH-d cells. They increase markedly from 24W to 32W, when Type I cells have nearly finished their differentiation, while Type II cells only just begin to express NADPH-d. In addition, there is a lack of correlation between the numbers of fibres in layer I and of NADPH-dpositive cells in the cortex. These observations support the notion that NADPH-d-positive layer I axons may originate from extracortical sources, perhaps from noradrenergic inputs (Vincent and Kimura, 1992; Valtschanoff et al, 1993) , or from the serotoninergic dorsal raphe nucleus (Kowall and Mueller, 1988; Nakamuraef «£, 1988) . In man, most neurons in the dorsal raphe nucleus display NADPH-d reactivity by 24W (personal observation). In other layers thin fibres with axonal features appear by 28W, and increase markedly from 32W to term, when the Type II NADPH-d-reactive neurons differentiate and may add their fibres to the plexuses, and when intrinsic circuits in the human cerebral cortex are maturing (Burkhalter etal, 1993) .
This study provides further evidence for the hypothesis that there is an evolutionary progression in cortical NO-containing neurons from rodent to primate. The prenatal ontogenetic development of human cortical Type I and II cells reported here seems to reflect the phylogenetic sequence. If NO neurons are involved in morphological and functional maturation of human cortex, Type II neurons, which develop late and are specific to primates, may be related to the normal development of higher cortical activity and, therefore, potentially important in the pathophysiology of developmental diseases of cognitive function, such as schizophrenia. 
